Objective: The first objective was to evaluate the influence of caloric intake on liver mitochondrial properties. The second objective was aimed at determining the impact of increasing fat intake on these properties. Design: Lou/C rats, displaying an inborn low caloric intake and resistant to diet-induced obesity, were compared to Wistar rats fed either ad libitum or pair-fed. An additional group of Lou/C rats were allowed to increase their fat intake by adjusting their diet from a standard high carbohydrate low-fat diet to a high-fat carbohydrate-free diet. Measurements: Hydrogen peroxide (H 2 O 2 ) generation, oxygen consumption rate (J O2 ), membrane potential (DC), activity of respiratory chain complexes, cytochrome contents, oxidative phosphorylation efficiency (OPE) and uncoupling protein 2 (UCP2) expression were determined in liver mitochondria. Results: H 2 O 2 production was higher in Lou/C than Wistar rats with glutamate/malate and/or succinate, octanoyl-carnitine, as substrates. These mitochondrial features cannot be mimicked by pair-feeding Wistar rats and remained unaltered by increasing fat intake. Enhanced H 2 O 2 production by mitochondria from Lou/C rats is due to an increased reverse electron flow through the respiratory-chain complex I and a higher medium-chain acyl-CoA dehydrogenase activity. While J O 2 was similar over a large range of DC in both strains, Lou/C rats were able to sustain higher membrane potential and respiratory rate. In addition, mitochondria from Lou/C rats displayed a decrease in OPE that cannot be explained by increased expression of UCP2 but rather to a slip in proton pumping by cytochrome oxidase. Conclusions: Liver mitochondria from Lou/C rats display higher reactive oxygen species (ROS) generation but to deplete upstream electron-rich intermediates responsible for ROS generation, these animals increased intrinsic uncoupling of cytochrome oxidase. It is likely that liver mitochondrial properties allowed this strain of rat to display higher insulin sensitivity and resist diet-induced obesity.
Introduction
The major difference between Lou/C, a strain of rats of Wistar origin, 1 and more common rat strains like Wistar, Fisher 344 or Brown Norway, is the protection against excess fat accretion and development of insulin resistance with ageing. [2] [3] [4] Indeed, Wistar or Fisher 344 strains develop spontaneous obesity with ageing, 5, 6 whereas Lou/C rats exhibit a stable adiposity throughout life associated with an inborn low caloric intake (LCI). 1, 4, 7, 8 Although the mechanisms responsible for low energy intake and resistance to obesity of the Lou/C rats are probably multifactorial, it must be kept in mind that LCI while avoiding malnutrition is reputed for reducing the incidence and retarding the onset of numerous age-related biological processes. 7, [9] [10] [11] [12] The mechanisms underlying the robust and widespread protective effects of LCI remain to be clearly identified, but a leading hypothesis suggests that the effects of LCI may be due to a reduced generation of reactive oxygen species (ROS) by mitochondria. [10] [11] [12] LCI alters the equilibrium between rates of oxidant generation and oxidant scavenging, repair and turnover processes in a tissue-specific and time-dependent manner.
The recent implication of oxidative stress in many pathological alterations (insulin resistance, hyperinsulinemia, hyperglycemia, dyslipidemia, etc.) characteristics of the metabolic syndrome (see Frisard and Ravussin 13 for a recent review) suggests that the Lou/C strain might represent an appropriate model for examining the impact of caloric intake on mitochondrial properties (oxidative phosphorylation efficiency, ROS production) in relation to fat metabolism and insulin sensitivity. This suggestion is somewhat supported by our recent data 1, 14, 15 showing that the intriguing phenotype of Lou/C rats cannot be easily reproduced in Wistar rats by adjusting food intake (pairfeeding) since Lou/C rats displayed a lower visceral adiposity 1, 14 as compared to pair-fed Wistar (WPF) rats. Furthermore, we found that H 2 O 2 generation was reduced in skeletal muscle mitochondria of Lou/C compared with Wistar rats, 15 and this localized adaptation in H 2 O 2 production can be reversed by allowing this peculiar strain to switch on a high-fat intake owing to their strong preference for fat. 2, 3, 8, 15 Collectively, these data suggest that Lou/C rats display specific mitochondrial properties permitting to oxidize fatty acids to a greater extent. The major goal of the present study was to examine liver mitochondrial properties in Lou/C and Wistar rats fed either ad libitum (WAL) or pair-fed (WPF). The second objective of the study was to evaluate the impact of high-fat diet on these properties, since we recently found that the reduced oxidative stress evidenced in skeletal muscle from Lou/C rats is lost in skeletal muscle mitochondria when fat proportion in the diet is increased. 15 
Methods
All procedures were performed in accordance with the principles and guidelines established by the European Convention for the Protection of Laboratory Animals.
Animals and experimental design
Adult male Wistar and Lou/C rats bred in our animal room facilities were caged individually and maintained in a 25 1C, 50±10% relative humidity and 12 h:12 h light-dark environment. Experiment 1. All the rats were provided ad libitum with a standard rat chow (UAR A04, Villemoisson, France) except an additional group of Wistar rats (WPF, n ¼ 10) which was pair-fed for 3 months by adjusting daily caloric intake to the amount of chow consumed by Lou/C rats. Experiment 2. In this experiment, Lou/C rats had the choice between the standard chow (UAR A04) and a high-fat diet, 15 both of which were provided ad libitum in stainless steel hanging cages. Body weight and food intake were recorded thrice weekly and fresh food was provided at the same time to ensure minimal disturbance to the animals' food behavior.
The rats were killed by cervical dislocation and livers were quickly excised, rinsed and chopped into isolation medium (250 mM sucrose, 20 mM Tris-HCl and 1 mM ethylene glycol tetraacetic acid (EGTA)-Tris, pH 7.4). Nuclei and cell debris were removed by centrifugation at 800 g for 10 min. Mitochondria were isolated from the supernatant by spinning twice at 8000 g for 10 min. The mitochondrial pellet was resuspended in 0.5 ml of isolation buffer and kept on ice. Mitochondrial protein was measured by the bicinchoninic acid method (Pierce, Rockford, IL, USA). The final mitochondrial suspensions were maintained over ice and were used for measurements of oxygen consumption and hydrogen peroxide (H 2 O 2 ) production.
Mitochondrial H 2 O 2 production Generation of mitochondrial H 2 O 2 was determined on an SFM25 computer-controlled Kontron fluorometer by measuring the linear increase in fluorescence (excitation at 312 nm, emission at 420 nm) due to enzymatic oxidation of homovanillic acid by H 2 O 2 in the presence of horseradish peroxidase. 16 Mitochondria (1 mg ml
À1
) were incubated at 30 1C in a buffer containing 125 mM KCl, 5 mM Tris-Pi, 20 mM Tris-HCl, 0.1 mM EGTA, 0.1% fat free BSA (pH 7.2) and containing 6 U ml À1 of horseradish peroxidase and 0.1 mM homovanillic acid. The reaction was started by addition of various substrates: glutamate/malate (G/M; 5 mM/2.5 mM) and succinate (5 mM) alone or in combination, and octanoylcarnitine (100 mM). Mitochondrial H 2 O 2 was measured both in basal conditions and 2 mM rotenone and 2 mM antimycin A were sequentially added to determine the maximum rate of H 2 O 2 production of complexes I and I þ III of the respiratory chain, respectively.
Mitochondrial oxygen consumption
The rate of mitochondrial oxygen consumption (J O2 ) was measured at 30 1C in an oxygraph equipped with a Clarktype O 2 electrode and containing the same incubation medium as for mitochondrial H 2 O 2 production. The incubation medium was constantly stirred with a built-in electromagnetic stirrer and bar flea. Mitochondria (1 mg ml
À1
) were energized with the same substrates used for mitochondrial H 2 O 2 production, and J O2 was recorded before and after adding 1 mM ADP and following the addition of oligomycin (1.25 g per mg protein).
supplemented with 5 mM glutamate/2.5 mM malate/5 mM succinate or octanoyl-carnitine (100 mM). J ATP was determined from glucose 6-phosphate formation in the presence of 20 mM glucose, 1 mM MgCl 2 and 125 mM ATP. J ATP and J O2 were modulated by addition of increasing concentrations of hexokinase.
Mitochondrial membrane potential
The mitochondrial membrane electrical potential (DC) was determined simultaneously with oxygen consumption using the potential-dependent triphenylmethyl phosphonium cation (TPMP þ ) probe. 18 Mitochondria (1 mg ml
À1
) were incubated in an assay medium containing 5 mM rotenone, 1 mg ml À1 oligomycin and 65 ng ml À1 nigericin (to convert most of the pH component of Dp to membrane potential units (mV), allowing Dp to be measured in millivolt units. The TPMP þ electrode was calibrated with sequential additions of up to 2 mM TPMP þ , and 4 mM succinate was added to start the reaction. Respiration and membrane potential were inhibited progressively through successive additions of malonate up to 3 mM. At the end of each run, 0.4 mM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was added to dissipate the membrane potential and release all TPMP þ back into the medium, allowing correction for any small electrode drift. The matrix volume of mitochondria was assumed to be 0.5 ml per mg protein.
Cytochrome content
Cytochrome content of the mitochondrial respiratory chain was measured in parallel experiments by comparing the spectra of fully oxidized (potassium ferricyanide) vs fully reduced (few crystals of sodium dithionite) cytochromes. Knowing the contributions in absorbance of each cytochrome to the major maxima and minima of each of the other cytochromes, a set of four simultaneous equations with four unknowns can be derived and concentration of each cytochrome can be calculated. 19 
Enzymatic activities
Measurement of the specific activity of the respiratory chain complexes I, II and IV was performed spectrophotometrically. A total of 8-10 mg of mitochondrial proteins were required to determine the activity of complexes I and II, and only 4 mg was used for complex IV. 
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UCP2 expression
Total RNA was extracted from liver (80 mg) using Trizol (Invitrogen, Cergy Pontoise, France). Concentration and purity were verified by measuring optimal density at 260 and 280 nm. Their integrity was checked by 1% agarose gel electrophoresis (Eurobio, Montpellier, France). UCP2 mRNA concentration was measured by semiquantitative reverse transcription PCR using cyclophilin as reference. Primer sequences are shown in Table 1 . For each target mRNA, an RT was performed from 1 mg of total RNA with 100 U of M-MLV Reverse Transcriptase (Promega, Charbonnières les bains, France), 5 ml of M-MLV RT 5 Â buffer, 20 U of RNasin ribonuclease inhibitor, 12 pmol of deoxynucleoside triphosphate and 1 mg of oligo dT, in a final volume of 25 ml. The reaction consisted of 5 min at 70 1C (RNA and oligodT), then 90 min at 42 1C (all mix) followed by 10 min at 70 1C. After chilling, 5 ml was used for PCR reaction. RT medium (5 ml)
Low caloric intake and liver mitochondria G Lacraz et al was added to 45 ml of PCR mix containing 5 ml of 10 Â platinum Taq PCR buffer, 6 pmol of MgCl 2 , 8 pmol of deoxynucleoside triphosphate, 2.5 U of platinum Taq DNA polymerase (Invitrogen), 22.5 pmol of corresponding sense and antisense primers. The PCR conditions were 2 min at 94 1C followed by 27 cycles or 23 cycles for UCP2 and cyclophilin, respectively (one cycle ¼ 1 min at 94 1C, 1 min at 60 1C and 1 min at 72 1C). PCR was ended by 10 min at 72 1C.
Products were analyzed on 2% agarose gel prestained with ethidium bromide. For quantification of relative band intensities, pictures were taken with a Camera DC120 (Kodak Scientific Imaging System) and the ratio of each target to cyclophilin was determined for each sample with Kodak Digital Science 1D 2.0 (Kodak Scientific Imaging System).
Immunoblotting
Liver mitochondrial contents in UCP2 were determined by western blot. Mitochondrial proteins (100 mg) along with molecular weight markers were separated on a 12% SDS-polyacrylamide gel electrophoresis and transferred by electroblotting on polyvinylidene difluoride membranes. Polyvinylidene difluoride membranes were incubated for 1 h in blocking buffer (NaCl 150 mM, non-fat dried milk 5%, Tween-20 0.1%, NaH 2 PO 4 10 mM, pH 7.4), and then incubated overnight at 4 1C with a rabbit polyclonal antibody against UCP2. 21 Membranes were washed three times in NaCl 150 mM, NaH 2 PO 4 10 mM, pH 7.4 and then incubated for 1 h with a horseradish peroxidase-linked secondary antibody (Amersham Biosciences, GE Healthcare Europe GmbH Saclay, France). Protein contents were detected by enhanced chemiluminescence with exposure on autoradiography films (Kodak X-OMAT). Band densities were quantified by software analysis using Scion Image (Scion Corporation). To allow consistency between experiments, a small aliquot of the same sample was systematically loaded on every gel and the generated signal was used as one arbitrary unit to express the results. A small quantity of purified mouse UCP2 produced as inclusion bodies in the Escherichia coli C41 (DE3) bacterial strain 21 was used as a positive control to ensure proper UCP2 identification on gels.
Statistical analysis
All data are reported as means ± s.e.m. Statistical comparisons were carried out using a one-or a two-way analysis of variance for repeated or non-repeated measures as applicable. When significant differences were observed, comparisons between mean values were made using a Fischer's protected least square difference test. Significance levels were set a priori at Po0.05 for all comparisons.
Results
Body growth and food intake When fed a standard diet, Lou/C rats displayed a stunted growth that is due to their low energy intake in agreement with previous data. 1 By adjusting caloric intake of Wistar rats to the amount eaten by Lou/C rats, we were able to match growth rate of WPF to that of Lou/C rats and at the time of killing, body weight was similar in WPF (310 ± 3 g) and Lou/C rats (322±3 g). On the other hand, when Lou/C rats were allowed to choose between standard and high-fat diets, these rats (Lou/C-HF) displayed a strong preference for fat, which represented approximately 40% of their total caloric intake Figure 1) . Interestingly, the rates of H 2 O 2 production by Lou/C mitochondria were significantly higher than Wistar rats, irrespective of the substrates used to energize mitochondria. In comparison with the results obtained with Lou/C rats, mitochondrial ROS production was significantly lower in WPF rats whether the mitochondria were energized with G/M, succinate, G/M/S or octanoyl-carnitine ( Figure 1) . As a whole, the rates of H 2 O 2 production by liver mitochondria were similar in WAL and WPF, indicating that, in our conditions, a 40% caloric restriction (CR) for 3 months has no major effect on mitochondrial H 2 O 2 generation in the liver of Wistar rats. Mitochondrial ROS generation remained unaltered by allowing Lou/C rats to increase fat intake with all substrates (Figure 1) .
The high H 2 O 2 production rate evidenced by Lou/C mitochondria was mainly due to an enhanced ROS generation through a reverse electron flow at the level of complex I of the respiratory chain as evidenced by the drastic decrease in ROS production following addition of rotenone to mitochondria energized with succinate or G/M/S (Table 1) . Nevertheless mitochondrial ROS production at the level of complex I through the forward electron and at the level of complex III remained also significantly higher in Lou/C than Wistar rats as evidenced by the significant increase in H 2 O 2 production with rotenone in the presence of G/M and after antimycin A addition (Table 1) . Whereas rotenone drastically reduced mitochondrial H 2 O 2 generation with G/M/S, this complex I inhibitor was ineffective in mitochondria incubated with octanoyl-carnitine (Table 1) . Finally, addition of antimycin A resulted in a significant enhancement of H 2 O 2 generation whatever the strain, the diet or the substrates, the extent of this effect being significantly greater with octanoyl-carnitine than G/M/S.
Taken together, our results indicate that hepatic mitochondrial H 2 O 2 production was drastically different in Lou/C as compared to Wistar rats and was neither mimicked by pair-feeding nor modulated by changes in fat availability.
Mitochondrial oxygen consumption-proton conductancerespiratory chain efficiency-UCP2 expression To investigate whether the difference in hepatic mitochondrial H 2 O 2 generation evidenced between the two strains could be due to specific mitochondrial properties, we measured several mitochondrial parameters in Wistar and Lou/C rats fed a standard diet ad libitum. Mitochondrial oxygen consumption rates (J O2 ) were significantly higher in Lou/C than in Wistar rats in both states 4 (that is nonphosphorylating conditions in the presence of oligomycin) and 3 (after addition of ADP) energetic states ( Table 2) . These modifications observed whichever the substrates used (G/M, succinate, G/M/S or octanoyl-carnitine) could be due to a change in the proton leak through the inner mitochondrial Low caloric intake and liver mitochondria G Lacraz et al membrane. 22 Therefore, we next examined the relationship between J O2 and the proton-motive force in non-phosphorylating conditions (Figure 2 ). This was achieved by modulating respiratory rate in the presence of succinate by malonate (an inhibitor of succinate dehydrogenase). It appears that over a large range of membrane potential (between 90 and 175 mV), J O2 was similar in Wistar and Lou/C rats. However, mitochondria from Lou/C rats were able to sustain a higher membrane potential than Wistar rats and this was accompanied by a higher J O2 . Such an effect could be due to increased expression of uncoupling proteins (for example, UCP2). However, expression of UCP2 mRNA in the liver was significantly reduced in Lou/C as compared to Wistar rats ( Figure 4 ). When Lou/C rats are allowed to increase their fat intake, then UCP2 mRNA increased significantly to a level that remained lower than those detected in Wistar rats. Interestingly, although UCP2 mRNA appears to be different between rats' strain and affected by the diet. UCP2 protein was barely detectable in the liver of Wistar or Lou/C rats and remained unchanged by increasing fat intake. These results stress the importance of translational mechanisms of regulation of UCP2 gene expression in the liver, in agreement with previous report. 23 On the other hand, increased rate of electron flow through cytochrome c oxidase could also affect the H þ /e À stoichiometry. 24 Indeed, we found a significant increase in cytochrome c oxidase activity (complex IV) in isolated mitochondria from Lou/C rats ( Table 3) . The higher cytochrome c oxidase activity found in Lou/C rats was also consistent with the significant increases in cytochrome aa3 content and citrate synthase activity evidenced in this strain (Table 3) . Furthermore, we found a higher activity of medium-chain Acyl-CoA (octanoyl-CoA) ) were incubated in a buffer containing 125 mM KCl, 5 mM Tris-Pi, 20 mM Tris-HCl, 0.1 mM EGTA, 0.1% BSA (pH 7.2) supplemented with glutamate (5 mM)/malate (2.5 mM) and/or succinate (5 mM) or octanoyl-carnitine (100 mM), in the absence (state 4) or in the presence (state 3) of ADP (1 mM were incubated in an assay medium containing 5 mM rotenone, 1 mg ml
À1
oligomycin and 65 ng ml À1 nigericin (to convert most of the pH component of Dp to membrane potential units (mV), allowing Dp to be measured in millivolt units. The TPMP þ electrode was calibrated as described in the Materials and methods section. Values are means ± s.e.m. (n ¼ 5). Low caloric intake and liver mitochondria G Lacraz et al dehydrogenase in Lou/C rats, whereas those for short (butyryl) and long-chain (palmitoyl) Acyl-CoA were not different between Wistar and Lou/C rats (Table 4) . Interestingly, oxidative phosphorylation efficiency, which was assessed by the determination of J O2 to J ATP stoichiometry at submaximal ATP synthesis rates, was significantly reduced in Lou/C rats with both G/M/S and octanoylcarnitine as substrates (Figure 3) . While the relationships between J O2 and J ATP being linear in both strains, J O2 was indeed higher for a given rate of ATP synthesis, indicating a decrease in hepatic mitochondrial oxidative phosphorylation efficiency in this peculiar strain.
Discussion
The ROS generation in liver is well documented, [25] [26] [27] [28] [29] [30] and many cellular sources of ROS production have been identified, including plasma membrane NADPH oxidase and xanthine, peroxisomal and endoplasmic reticular oxidases. However, it is now generally accepted that mitochondrial electron transport chain represents the major source of ROS. [25] [26] [27] [28] [29] [30] [31] While it was initially thought that complex III was the main or even the only site of ROS generation, 32 recent investigations unequivocally demonstrated that respiratorychain complex I is the major generator of free radicals in liver mitochondria. 16, 31 One of the most important finding of our study is the demonstration that in the absence of any inhibitor, hepatic mitochondria energized with G/M/S generated H 2 O 2 to a significant extent (Figure 1 ). On the other hand, we unexpectedly found that incubating mitochondria with octanoyl-carnitine resulted in a significantly higher rate of H 2 O 2 production than with G/M/S even though oxidation of these substrates were generating NADH and FADH 2 simultaneously. 33 H 2 O 2 generation with lipid-derived substrates has been only scarcely examined and it was reported that hepatic mitochondria did not produce significant H 2 O 2 with palmitoyl-carnitine as unique substrate, and that H 2 O 2 production was only slightly increased by addition of rotenone or antimycin A. 15, 31, 32 These results contrast with the significant rate of mitochondrial H 2 O 2 production measured with octanoyl-carnitine in the present study. The major differences between these two lipid-derived substrates are linked to the control of long-chain fatty acid b-oxidation by carnitine palmitoyl transferase I, whereas b-oxidation of octanoyl-carnitine is not dependent upon carnitine palmitoyl transferase I activity. However, it is important to underline that hepatic fatty-acid oxidation not only takes place in the mitochondria but also partially in the peroxisomes, even though complete oxidation of fatty acids to carbon dioxide and water occurs only in the former organelle since the key enzymes of the citric acid cycle are lacking in peroxisomes. Interestingly, peroxisomes also contain octanoyl-carnitine and acetyl-carnitine transferases, allowing the products of peroxisomal b-oxidation (for example, one molecule of octanoyl-CoA and four molecules of acetylCoA in the case of palmitoyl-carnitine) to be respectively exported as octanoyl-carnitine and acetyl-carnitine into mitochondria for subsequent oxidation. 33 We can therefore suggest that hepatic oxidation of palmitate in vivo could generate ROS by a peroxisome-mediated indirect pathway but this cannot be observed in vitro on isolated mitochondria energized with palmitoyl-carnitine since the key peroxisomal b-oxidation step was lacking. This finding is of particular interest if we take into account that fatty acid oversupply to non-adipose tissues, including the liver, might result in lipotoxicity, one of the detrimental event suggested to be involved in the development of insulin resistance and type 2 diabetes.
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Higher liver mitochondrial H 2 O 2 production in Lou/C rats In a pioneer study, Gredilla et al. 25 reported that short-term CR (6 week) reduced H 2 O 2 production by liver mitochondria, Low caloric intake and liver mitochondria production. Such discrepancies were also found when CR was extended to 4-6 months 29, 35 or 12-18 months. 26, 28 In the present study, we found that isolated liver mitochondria from Lou/C rats, which display an inborn LCI, [1] [2] [3] [7] [8] [9] 14, 15 produced more H 2 O 2 than Wistar rats fed ad libitum or even pair-fed. The enhanced H 2 O 2 generation displayed by Lou/C mitochondria takes place at many levels of the electron transport chain. First, complex I is largely involved since rotenone drastically reduced H 2 O 2 production whether the mitochondria were energized with succinate or G/M/S (Figure 1) . Second, complex III is also involved since H 2 O 2 production remained higher in Lou/C rats after antimycin A addition to mitochondria energized with either G/M/S or octanoyl-carnitine (Table 1) . Finally, the increase in octanoyl-CoA dehydrogenase activity evidenced in Lou/C rats (Table 4) would explain the enhanced H 2 O 2 production measured with octanoyl-carnitine ( Figure 1 ) since this medium-chain acyl-CoA dehydrogenase has been proposed to function as an oxidase in liver. 36 It is well established that the rate of mitochondrial free radical production is linked to the transmembrane electric potential difference (DC) and/or to the degree of reduction in the respiratory chain electron carriers. 16, [30] [31] [32] [37] [38] [39] In this respect, by examining the kinetic response of the proton leak rate to its driving force, the membrane potential, we found that mitochondria from Lou/C rats displayed a higher membrane potential and a higher J O2 in low phosphorylating conditions ( Figure 2 ). Such effects are reminiscent to those observed with hyperthyroidism. 17 However, we have previously reported that neither triiodithyronine (T3) nor thyroxine (T4) plasma levels were modified in Lou/C rats. 15 The effects of thyroid hormones are, however, dependent on the quantity of the hormone that reaches peripheral tissues and the availability of thyroid receptors in cell nuclei. The reduced hepatic expression of deiodinase 1 (responsible for the T4 to T3 conversion) in Lou/C rats and a similar level of thyroid hormone transporter (monocarboxylate anion transporter 8) in both strains (unpublished data) appear to rule out thyroid hormones as major determinants of the mitochondrial adaptations displayed by Lou/C rats. The reasons for a higher mitochondrial J O2 by Lou/C mitochondria at high DC are not readily apparent but extrinsic (mitochondrial proton leak) or intrinsic (slipping) uncoupling of oxidative phosphorylation can be hypothesized. 40 Extrinsic uncoupling occurs by components that increase the proton permeability of membranes and UCPs might play this role. The liver, however, is the organ in which expression of UCPs is the lowest in basal conditions since minor expression of UCP2 can be detected in the adult liver, and it is mainly due to high expression in Kupffer cells. 41 Nevertheless, in situations of metabolic stress, UCP2
expression is induced in the liver, and enhanced expression appears mainly in hepatocytes. 42 In the present study, we found that UCP2 mRNA expression was reduced in Lou/C as compared to Wistar rats with a standard high-carbohydrate diet and increased significantly when allowed to increase their fat intake ( Figure 4 ). Nevertheless, in the same conditions, UCP2 protein remained unchanged, suggesting that translation of UCP2 mRNA seems deeply controlled in vivo. 23 It is thus unlikely that the higher proton conductance observed in Lou/C rats was linked to UCP. Therefore, the decrease in H þ /e À stoichiometry at high proton motive force measured in Lou/C rats ( Figure 2 ) was probably due to slipping at the level of cytochrome oxidase. Indeed, we found that both activity of cytochrome oxidase and cytochrome aa3 content were increased in mitochondria from Lou/C rats, whereas cytochrome b and c1 contents were not affected ( Table 3 ). The physiological significance of cytochrome c oxidase slipping at high membrane potentials is still a matter of debate, but some authors have suggested a possible role in the antioxidant defense system of the cell. 24, 38 Indeed, intrinsic uncoupling of the cytochrome oxidase at high DC could contribute to prevent excess electronegativity of redox carriers in complexes I and III, which, above a threshold level, can lead to massive production of ROS. 24, 37 This hypothesis of intrinsic uncoupling at the level of cytochrome oxidase in Lou/C mitochondria is strongly supported by the decrease in oxidative phosphorylation efficiency observed in this strain (Figure 3 ).
Fat intake does not affect liver mitochondrial H 2 O 2 production High-fat diet has been shown to adversely affect the health of various animal species, including humans. 43 Indeed, high levels of unsaturated fat were found, among others, to increase oxidative stress and decrease antioxidative enzyme Low caloric intake and liver mitochondria G Lacraz et al activity. 44 In contrast, energy restriction was reported to reduce tumor incidence even in animals fed a high-fat diet, 45 suggesting that oxidative stress linked to high-fat intake can be modulated by adjusting caloric intake. In the present study, we found that mitochondrial ROS production was similar in Lou/C-HF and Lou/C rats fed a standard, highcarbohydrate diet (Figure 1 ).
Conclusions
In conclusion, the present study provides evidence for a higher H 2 O 2 generation by liver mitochondria in Lou/C rats, which is not modified by increasing fat intake. This result contrasts with those reported previously in skeletal muscle. 15 Hepatic mitochondrial adaptations are particularly interesting since dissipating energy stored in the liver has been suggested as a potential treatment strategy for diabetes associated with obesity. 46 Even though, in the present study, we cannot conclude that the enhanced free radical generation by liver mitochondria of Lou/C rats ( Figure 1 ) was entirely responsible for mitochondrial adaptations, a recent study suggested that oxidative stress provided by treatment with H 2 O 2 induced depolymerization of microtubules and this event is one of the molecular events involved in the increase in mitochondrial mass upon treatment of human cells with H 2 O 2 . 47 On the basis of a greater capacity for reoxidizing FADH 2 evidenced with G/M/S and octanoylcarnitine, we propose that the enhanced liver mitochondrial H 2 O 2 production in Lou/C rats was due to increases in reverse electron flow through the respiratory-chain complex I and to higher medium-chain acyl-CoA dehydrogenase activity. However, to attenuate the potential deleterious effects of this increased ROS production, an increase in cytochrome oxidase content and activity reflects an adaptation of Lou/C rats, which ultimately results in a decrease in mitochondrial oxidative phosphorylation efficiency through intrinsic uncoupling of cytochrome oxidase. These hepatic mitochondrial characteristics may be of particular interest if we take into account that (1) liver fat accumulation is one of the detrimental events involved in the development of insulin resistance and type 2 diabetes 13 and (2) dissipating excess energy in the liver (mitochondrial uncoupling) is a possible therapeutic approach to high-fat diet-induced metabolic disorders. 46 Such liver adaptations could probably explain the higher insulin sensitivity displayed by Lou/C rats (Couturier K, unpublished data) and the ability of this strain to resist fat accretion and insulin resistance with aging 4 or high-fat diet 2, 15 in spite of a strong preference for fat. 5, 8, 15 
